We study the physical conditions for the occurrence of ferromagnetic instability in a neutral plasma of fermions. We consider a system of two species M and Y which are oppositely charged under a local U (1) X , with M much lighter than Y . The leading correction to free quasiparticle behaviour for the lighter species arises from the exchange interaction, while the heavier species remain spectators. This plasma, which is abelian, asymmetric and idealised, is shown to be naturally susceptible to the formation of a completely spin-imbalanced ferromagnetic state for the lighter species (dubbed a magnino) in large parts of parameter space. It is shown that the domain structure formed by this ferromagnetic state can mimic Dark Energy, determining the masses of the two fermion species involved, depending on their abundance relative to the standard photons. Incomplete cancellation of the X-magnetic fields among the domains can give rise to residual long range X-magnetic fields. Under the assumption that this U (1) X mixes with Maxwell electromagnetism, this provides a mechanism for the seed for cosmic-scale magnetic fields. An extended model with several flavours M a and Y a of the species can incorporate Dark Matter. Thus the scenario shows the potential for explaining the large scale magnetic fields, and what are arguably the two most important outstanding puzzles of cosmology: Dark Matter and Dark Energy.
There are several important unresolved issues in our current understanding of cosmology.
Paramount among these are the problems of Dark Matter (DM) and Dark Energy (DE).
Of these, DM assists in galaxy formation and it seems consistent for it to be a gas of nonrelativistic particles throughout the epoch of galaxy formation, although the nature of such particles and their interaction with standard matter are not yet understood. On the other hand, the issue of DE is closely tied to that of the cosmological constant [1] and could be a hint of a new fundamental constant of physics. Indeed, the Λ-CDM model that best fits the cosmic microwave background (CMB) data [2] suggests that it is a constant over the epochs scanned by the CMB. But assuming it is a dynamical phenomenon, it has to be assigned the equation of state p = −ρ which demands an explanation in terms of relativistic phenomena.
From the point of view of naturalness, explaining a value of a dynamically generated quantity which is many orders of magnitude away from any of the scales of elementary particle physics or gravity is a major challenge.
A class of possible explanations rely on scenarios involving extra dimensions or stringy physics [3] . A more conventional explanation for DE may be expected to arise from some species of particles that admits a nontrivial ground state which in the long-wavelength regime simulates non-zero vacuum energy. There exist several proposals along these lines which rely on dynamical symmetry breaking or principles known from low-temperature physics, for instance, suggesting a new phenomenon [4] or an explanation of DE [5] . An explanation of DE relying entirely on autonomous physics of some particle species will also demand particles at such a low mass scale, which has become phenomenologically justified since the neutrino sector has shown the existence of a very low mass scale. There also exist natural mechanisms to connect such a low scale to known high-scale physics, although these are yet to be verified. However due to several alternatives involved, one may first carry out an investigation agnostic of such high scale connection.
In this paper we pursue one such approach. We consider a new sector of particles with interaction mediated by an unbroken abelian gauge symmetry denoted U (1) X . The core of our mechanism involves the existence of a fermionic species that enters into a ferromagnetic state. As we will show, it is required to have an extremely small mass and hence an extremely large magnetic moment; we dub this species the magnino, denoted M . We assume that the medium remains neutral under the X-charge due to the presence of a significantly heavier species Y of opposite charge which does not enter the collective ferromagnetic state. The existence of two such oppositely-charged species that do not mutually annihilate is very much borrowed from known physics, and indeed below we will review previous studies of ferromagnetism in relativistic electron systems, and then will adapt them to our model. If we also assume additional flavours of the two types of particles and suitable flavour symmetries, it is possible to explain DM within the same sector, including possible dark atoms formed by such species [6] [7] [8, 9] . This would also solve the concordance problem, that is, the comparable energy densities carried in the cosmological energy budget by the otherwise-unrelated components, DM and DE.
A linkage of the sector proposed here to the observed sector may exist through kinetic mixing of the X-electromagnetism with the standard one. The existence of cosmic magnetic fields at galactic and intergalactic scales [10] [11] [12] is an outstanding puzzle of cosmology.
Our mechanism relying as it does on spontaneous formation of domains of X-ferromgnetism has the potential to provide the seeds needed to generate the observed fields through such mixing.
Another possibility resulting from the mixing of the two U (1)'s is for the new particles to carry minicharges [13, 14] (originally dubbed millicharged). Recently, it has been suggested that the excessive absorption of CMB in the era of early star formation reported by EDGES [15] can be explained by the interaction of DM with standard matter [16] , specifically of minicharged DM, [17, 18] . Our scenario includes the possibility of minicharged particles through kinetic mixing, and could be compatible with this interpretation of the EDGES observation. In [19] a proposal to embed minicharged particles within a unified theory is proposed. A proposal to search for minicharged particles for masses < 10 −4 eV and kinetic mixing of hidden photons with standard photons ξ ∼ 10 −8 has been made [20] , which is roughly the range of parameters natural to our scenario.
The light particles needed by our magnino model could have arisen from the decay of long-lived heavier particles after Big Bang Nucleosynthesis (BBN). If however their existence preceded nucleosynthesis, there will be additional effective relativistic degrees of freedom at that time. It has been suggested in [21] that the existence of additional degrees of freedom may help resolve the discrepancy between direct measurements of H 0 from the Hubble Space [32, 33] . At least some of these could be accommodated within the proposal made here. We comment on this possibility in the concluding section.
Thus, we offer an utterly conventional solution to several of the puzzling issues in cosmol-ogy by relying on only known phenomena in many body physics and replication of several features of the observed spectrum of elementary particles. More generally, the mechanism of ferromagnetism considered is shown to be operative at extremely low number densities and temperature close to absolute zero as obtains in our very late universe, provided a few of the intrinsic mass scales are minuscule. It would be interesting to explore this phase of matter in its own right, as possibly applicable to a variety of fermionic species of observed as well as potentially of the "hidden" sector. Specifically, relying as it does on a strongly correlated system but coupled through a weak abelian gauge force, this model allows easy understanding and ready deployment of known strategies of verification for such a phenomenon.
It has been brought to our notice that Raby and West have introduced the term magnino for a proposed Dark Matter particle interacting by the Electroweak force, that could also simultaneously solve the solar neutrino puzzle [34] [35]. Our particle primarily enters into the solution of the Dark Energy puzzle, and we justify the usage of the suffix -ino to mean an extremely light fermion. We proceed to use this term in our context for convenience, and suggest that of the two distinct proposed species the one first to receive confirmation of existence may acquire this term permanently. We begin this paper in Sec. II with a recapitulation of the current status of cosmology and the way negative pressure may be seen to arise in Sec. II A. Sec. III reviews the many-body theory result for ferromagnetic instability of a relativistic electron gas. In Sec. IV we discuss the phenomenology of domain wall (DW) formation and evolution in a cosmological setting. In Sec V we describe the main proposal of this paper, adapting the calculation presented earlier to the case of interest, where rather than electrons and nuclei (the latter being essentially bystanders to keep the system neutral) we have in mind magninos M and their oppositely charged heavy cousins Y . This system forms a plasma which is asymmetric, abelian and idealised (referred to as a PAAI). We identify the parameter range for which a collective phase of magninos and the attendant fate of the Y particles can together be identified with DE. In Sec. VI we discuss augmented versions of this sector in which additional heavier fermions can act as DM and help to resolve the concordance puzzle. In Sec. VII we discuss the possibility that the same DE scenario could provide seeds for the intergalactic magnetic fields in the Universe. In
Sec. VIII we summarize our results and discuss future avenues of research.
II. COSMOLOGICAL SETTING
Determining the nature of the DE component of matter in the universe observed through distant candles [36, 37] and inferred from observations such as the CMB precision data WMAP [27, 28] and Planck [38] [2] presents a new challenge to fundamental physics. The exceedingly small mass scale associated with this energy density makes it unnatural to interpret it as a cosmological constant [1] , and therefore demands an unusual mechanism for relating it to the physics of known elementary particles. On the other hand, a new window to very-low-mass physics has opened up with the discovery of the low mass scale of neutrinos.
(For reviews, see [39] , [40] [41]). Furthermore, a variety of theoretically motivated ultra-light species are currently being sought experimentally [42, 43] . We may therefore exploit the presence of an ultra-light sector to explain the DE phenomenon autonomously at a low scale without direct reference to its high-scale connection with known physics.
A. Sources of negative pressure A homogeneous, isotropic universe at critical density is described by the Friedmann equation for the scale factor a(t) 1 a da dt
and the covariant conservation of energy-momentum,
This needs to be supplemented by an equation of state relation p = wρ where w is constant usually form an extended network or a complex as first discussed by Kibble [44] . After an initial transient phase of their evolution, they become slow-moving with relatively low kinetic energy per unit length or area, especially true for domain walls as they must be attached to each other forming a wall complex. In this case their kinetic contribution to pressure is negligible just as in the case of non-relativistic particles. However, the energy density scales as 1/a 3 for nonrelativistic particles, while this scaling changes for extended objects. The cartoons in Fig. 1 suggest how the effective energy density to be included in the above calculations is to be deduced. In the case of a frozen-out vortex line network, the situation is quite similar to non-relativistic particles, increasing their average separation as 1/a 3 . But as sketched in the figure, there is also an increment in the energy proportional to a due to an average length of vortex network proportional to a entering the physical volume.
As such, the energy density of the network has to be taken to scale as 1/a 2 . Likewise, for a domain wall complex, there is a monotonous increase of energy proportional to a 2 , making the effective energy density proportional to 1/a. Finally, if we have a relativistically meaningful space-filling extended substance which is homogenous, the expansion in the scale factor causes energy proportional to a 3 to be included, as shown in Fig. 2 . This makes its energy density contribution remain constant as a grows. In quantum theory this arises naturally as the vacuum expectation value of a relativistic scalar field.
If we now take the three scaling laws of the preceding paragraph and plug them into (2), we can determine the corresponding pressure as p[a], resulting in the following equations of state which are well-known in the cosmology literature [45, 46] :
ρ complex of domain walls
In the following, we consider a scenario that gives rise to a complex of domain walls. The scale of such structure would be set by the intrinsic dynamics determining the phase transition in which it arises. By comparison, the causal horizon during the epochs in which the presence of Dark Energy can be detected ( since the surface of last scattering) sets a very large scale, 10 17 − 10 25 metre. Thus the DW network is expected to exist on scales minuscule compared to cosmological length scales. We shall argue that subsequent to its initial formation, such structure remains frozen, retaining constant physical size till the later epochs. Hence our structure, with justifiable averaging, is more appropriately represented by Fig. 2 . This will make the rate at which the energy of new walls gets included in the fiducial volume grow as a 3 . Hence our structure may justifiably be assumed to simulate an equation of state p = −ρ. 
B. Summary of cosmological data
The present universe is well described by three components: non-relativistic matter which includes both Standard Model (SM) matter such as baryons and electrons and DM, relativistic or quasi-relativistic SM species such as photons and neutrinos, and the DE. With these, the Friedmann equation becomes purposes a precise value is unnecessary and we set h 2 = 0.5. The other parameters are the total energy density, the so-called critical value ρ c which agrees with this Hubble value and a spatially flat Universe, and n γ , the number density of the CMB photons. Useful conversion factors and the parameter values we use are as follows:
The analysis of the CMB experiments [28] [2] assumes the Λ-CDM model, with equation of state of the DE constrained to p/ρ ≡ w = −1. However, alternative analyses (see for instance [48] ) show that a dynamically evolving w is also consistent with data. It has been argued, early in [49] that the equation of state obeyed by the observed contribution to the energy density could be well fitted by a network of frustrated domain walls [44] , which obey an effective equation of state p = (−2/3)ρ in the static limit. This possibility was further examined in [50] [51] although it may not be consistent with more recent data. We mention these possibilities here more as examples of divergence from the consensus about the nature of the DE. Our mechanism is compatible with w = −1 for the Dark Energy sector over at least substantial part of the existence of that special phase. But it arising at a specific epoch within the observable past and also possibly degrading within recent visible epochs are possibilities we comment on in the conclusion section.
Finally, as far as DM is concerned, from large-scale structure (LSS) data and also fit to the CMB data, it is known that the DM candidate particle must be non-relativistic by the time galactic structure formation starts. This requires M DM to at least be in the keV range.
It has been argued in [52, 53] , that the Lyman-alpha forest data corresponding to the early galaxies suggests that the mass of the DM candidate could be as low as in the keV range.
Our model provides a viable solution for all the mass values of the potential DM particles in the eV to GeV range and accords with this expectation.
III. FERROMAGNETIC INSTABILITY OF RELATIVISTIC FERMI GAS
We begin with a brief review of the various contexts in which a collective state such as the one being discussed here has been studied. In condensed matter physics, the more prevalent explanations of the ferromagnetic instability are based on exchange coupling between electrons in the orbitals of ions from neighbouring sites. This is the standard Heisenberg ferromagnetism arising from localised electrons. By contrast the model we pursue is that of delocalised or band fermions. This is sometimes also referred to as the case of "itinerant" fermions. In our scenario there is only gaseous indefinitely extensive medium. In the case of itinerant fermions in the background of a periodic lattice somewhat more interesting situation can arise. Such an ansatz for ferromagnetism was first proposed by Stoner [54] .
However the effective interaction proposed by this ansatz is not easy to derive from first principles [55] .
An early study of the collective states of a homogeneous neutral plasma including the interactions was done in Akhiezer and Peletminskii [56] whose results have served as a benchmark for many subsequent calculations. Accordingly, in the formalism due to Baym and Chin [57, 58] it is sufficient to perform a summation of the ladder diagrams arising from forward scattering due to the gauge field interaction. A variety of collective phenomena have been widely explored also in the case of QCD by Tatsumi [59, 60] , and in [61] and [62] . At sufficiently high chemical potential such as in the interior of a neutron star, colour superconductivity as well as chromoferromagnetism have been proposed. These proposals are specialised to the non-abelian SU (3) interactions. We shall be considering the abelian case, leading to one vital difference in the exchange energy contribution, as will be explained.
A. Plasma which is asymmetric, abelian and idealised (PAAI)
A system of fermions (conventional electrons in this section but magninos below) interacting through an abelian gauge force can be treated as a gas of weakly interacting quasiparticles under certain conditions. The most useful setting is that of an electron gas being the more active dynamical medium in the presence of oppositely charged much heavier ions or protons which are mostly spectators and serve to keep the medium neutral. The total energy of such a system can be treated as a functional of electron number density, according to the Hohenberg-Kohn theorem. In a relativistic setting, it becomes a functional of the covariant 4-current, and hence also of the electron spin density [55] .
In the Landau liquid formalism further elucidated in [57, 58] , the Coulomb interaction between the lighter fermions may be ignored due to shielding provided by heavy oppositely charged partners which do not participate directly in dynamics. In our proposal this is the gas of the oppositely charged heavier particles. We discuss such a plasma in some detail, without the complications of lattice effects and accordingly call this the ideal abelian asymmetric plasma for convenience abbreviated PAAI where the qualifier asymmetry refers to the large ratio of the masses of the oppositely charged species. When the Fermi liquid is considered for a spin polarised liquid, the total energy of the system E is a functional of the phase space distribution function n and spin s of the quasiparticles, where the covariant convention for spin basis is discussed later. The quasiparticle energy spectrum ε in a volume
The interaction strength f (ps, p s ) between quasi-particles is defined as
which is thus a second variation of the energy E, is symmetric in its arguments and vanishes in a non-interacting gas. This phenomenological quantity can be related to the scattering amplitude as follows. For electrons in a solid there are interactions mediated by residual electromagnetic interactions of a vector nature and scalar interactions mediated by phonons.
Combined these contributions to scattering processes give rise to a non-vanishing Green's
, where p i are four-vectors and spin labels are suppressed. Its one-particle-irreducible piece Γ(p 3 , p 4 , p 1 , p 2 ) provides the required input to the effective theory of quasi-particle static quantities like the energy (see Sec. 15
of [63] ). Causality arguments can then be used to show that the function f is given by the forward scattering limit of Γ:
where the function on the right is defined by
The offshell forward scattering limit is prescribed to be taken in the unphysical domain with momentum q going to zero before the corresponding energy is allowed to go to zero. In practice, (8) is put to use in the form [57] f (ps,
where ε 0 is the free particle energy and M is the Lorentz-covariant 2 → 2 scattering amplitude in the limit specified above. This is shown in Fig. 3 . The exchange energy can equivalently be seen to arise as a two-loop correction to the self-energy of the fermion [58] .
FIG. 3:
The two forward scattering diagrams contributing to exchange energy, in which the magnitudes of the momenta are the same.
Next we discuss the spin basis following closely the presentation of [64] . We shall assume that the thermal energy is much lower than the mass threshold of the lighter species and that the spontaneous creation of anti-particles is suppressed. As such, the main relativistic effect seen is in the behaviour of the spin. Relativistic treatment of spin requires that the spin basis functions are also momentum-dependent. We refer the spin to the rest frame of the fermion to begin with, where it is denoted s. The covariant projection operators needed to identify polarisation states are defined in terms of the vector boosted to the frame of the moving particle p,
the projection operator for (positive energy) particles of spin s is
For noninteracting fermions, the Feynman propagator with nonzero particle density is [64]
This propagator can be used to recover the equilibrium density n p as a function of momentum :
and the magnetisation vector M(p),
where µ B is the Bohr magneton and in the last step we have setn F s = 0.
To set up a spin-asymmetric state, we introduce a parameter ζ such that the net density n splits up into densities of spin up and down fermions as
Correspondingly, we have Fermi momenta
In terms of these, the total magnetisation per unit volume can be found be
These quantities are calculated from the free-particle Green's function but with nonzero fermion number.
Next we turn to the calculation of the effective energy density of the fermion gas. There are two main contributions: (1) the kinetic energy of the quasiparticles with renormalised mass parameter and (2) the spin-dependent exchange energy of a spin-polarised gas. Contribution (2), denoted exchange energy E xc , is
Using ( 
where α = e 2 /4π is the fine structure of ordinary matter and q = |p − p |. (Below we will replace α → α X , the corresponding fine structure constant of the hidden U (1) X .) These quantities were calculated in [64] and the result is given next. A similar calculation done for a quark liquid by Tatsumi [59] does not have the term E direct xc due to the vanishing of trace over colour degrees of freedom. Continuing, we compute the kinetic energy and add to it the exchange energy.
For the spin-asymmetric state, we define the variables
Then the kinetic energy is given by
where the last term subtracted is the rest energy. In order to determine the preferred minimum of the collective state this contribution is irrelevant, but we will need to restitute this term when dealing with gravity. The exchange energy is given by [64] E xc = αm
where
for which one can prove the property that
We define β = p F /m and E = E kin + E xc . The question now is whether the energy surface in the α-β plane (allowing α to vary in anticipation of applying the above calculation to the hidden sector) prefers a ground state with ζ = 0. It is found that there is a competition between the kinetic energy which does not involve α and the E xc which can be monotonically negative as a function of ζ. Thus given any β, there exists a value of α that will make ζ = 1 lower in energy than the point ζ = 0. Also, for any α, we can make β large enough that E kin dominates and ζ = 0 remains the unique ground state.
B. Phase diagram and equation of state
In Fig. 4 we show an example of the effect of increasing α with a fixed value of β = 0.4. For convenience we have plotted E(ζ = 1) − E(ζ = 0) to ensure the same origin on the ordinate. α = 0.10 already shows turning over of the curve near ζ = 1, but that local minimum is metastable. For α = 0.11, ζ = 1 is the lower minimum, with a barrier separating it from the local minimum at ζ = 0. But at α = 0.12, the graph is monotonically concave down and ζ = 1 is the only minimum. Likewise, for fixed α = 0.1, Fig. 5 shows the effect of varying β. The global minimum at ζ = 0 gets destabilised with decreasing β, passing through a small range of β with two local minima.
Thus we see that there are three possibilities, ζ = 1 is not a minimum at all, ζ = 1 is a local minimum but E(0) < E(1) i.e. a metastable vacuum and finally, ζ = 1 is the absolute minimum with ζ = 0 unstable vacuum. In Fig. 6 we have plotted the approximate regions of the three phases in the parameter space. An interesting fact about the above be seen that β is constrained to remain 0.5. Thus the gas can be relativistic but not ultra-relativistic. Further, the formalism is valid only so long as the exchange energy is the dominant source of modification to the quantities for the free non-interacting gas. In In understanding the cosmological behaviour of PAAI it is useful to understand the relative importance of the various contributions to the energy density. We expand the corresponding expressions in the powers of β. There are three contributions. Kinetic energy density of the free gas, but without the rest mass, the exchange energy density and the rest mass energy density. We also see from our diagrams that the local minima occur only at ζ = 0 or at ζ = 1. So we expand the expressions (25) and (26) for the two critical values of ζ for small β. For ζ = 0, we have
For ζ = 1 we have
whereβ = 2 1/3 β. Thus we see that the rest mass term dominates for small β. While the kinetic energy and exchange energy contributions determine the favourable collective state, the contribution to cosmologically relevant energy density is made by the rest mass term.
In the following sections we shall be considering PAAI medium in the context of cosmology where it may undergo the ferromagnetic phase transition as the Universe cools from the Big Bang and later perhaps by the present epoch also undergo a reverse transition to the symmetric phase. It is useful to know the effective equation of state of such a gas. Since the only local minima occur at ζ = 0 or at ζ = 1, it is sufficient to study these cases. The energy density, designated ρ in the cosmological setting, can be obtained in these cases by setting the corresponding value of ζ in (26) . The pressure is defined as and can be calculated from this through [58] 
whose expression is not explicitly displayed here. itself is not relevant to cosmology. What we learn is that the exchange energy plays a significant role in the behaviour of PAAI. We shall be assuming that this collective effect makes the medium immune to the much weaker effects of the cosmological gravitational field.
IV. DOMAIN WALLS
Macroscopic ferromagnetic systems are characterized by the occurrence of domains. The possible directions of spontaneous magnetization are associated with preferred directions in the crystal. We shall now parameterize the the physics that governs cosmic ferromagnetic domains. The domain walls are not expected to be topologically stable. This is because the underlying symmetry is SU (2) of spin, which permits rotations within the vacuum manifold for the defect to disentangle. However these processes are suppressed by a competition between the gradient energy and the extra energy stored in the domain walls as detailed below.
The net magnetization in volume V is given by
the intrinsic magnetic moment of the magnino and Ψ is the fermionic field operator and
Introduce the local vector order parameter S ∼ Ψ ΣΨ up to a dimensional constant to make S canonically normalized. The Landau-Ginzburg effective lagrangian for S is
where the dots denote irrelevant terms. The value σ 1 sets the scale of the magnetization in the medium. Over uncorrelated distances, the magnetization will settle to different orientations. The critical temperature of this phase transition is T c ∼ σ 1 . The structure of these walls freezes in at Ginzburg temperature [44] T G given by (T c − T G )/T c = λ 2 . Below this temperature there isn't sufficient free energy available to disrupt the order within volumes
A domain wall separating two such regions can be thought of as a constrained soliton. The Lagrangian (34) signals a non-zero expectation value for the modulus of the order parameter.
This gives rise to Goldstone bosons, the magnons. However the medium is not translationally invariant due to occurrence of domain walls. The walls are a transition region in which the direction of the condensate is changing, ie, the angular parts of the order parameter also acquire a vacuum expectation value. The phenomenon, given the boundary condition stated above can be self consistently described by introducing the field θ( x) = arccos(Ŝ ( x) ·Ŝ 1 )
with respect to a fiducialŜ 1 . This θ interpolates and acquires the value θ 12 = arccosŜ 1 ·Ŝ 2 as we transit from one domain to the next. Since the energy density due to misaligned spins is proportional to cos θ, this results in a sine-Gordon type lagrangian for θ,
where κ = 2π/|θ 12 | fixes the period and σ 2 is another parameter of the dimension of mass.
Such domain walls have width w = σ 1 /σ 2 2 and energy per unit area E/A = 8σ 1 σ 2 2 /κ 2 .
These consideration permit in principle matching of the mean field theory for the domain walls with the gross parameters needed in cosmology. We shall be working with the network characterised by the parameter ω which is the width of individual domain walls and with average separation between walls given by a parameter L. As a source in Friedmann equation
we shall be using the energy of domain walls averaged over a large number of domains.
A. Evolution and stability of domain walls
One of the main sources of wall depletion is mutual collisions. However the walls become non-relativistic below the Ginzburg temperature and the free energy available for bulk motion reduces. A further source of instability is from the spontaneous nucleation of the trivial vacuum regions, in the form of holes in the wall, bounded by a string-like defect.
This mechanism has been studied in detail in [65] . The rate for such decay is governed by an exponential factor exp(−B/λ) [66] where the exponent is the Euclidean action of the "bounce" solution connecting the false and the true vacua [67] . The part B is oder unity and if the coupling λ as introduced in the Landau-Ginzburg action (34) is small the requisite stability is possible. On phenomenological grounds we need this complex to be stable for several billion years, or ≈ 10 17 sec. Since large suppression factors ∼ 10 −30 ≈ e −69 are natural for λ ∼ 0.01, we can assume the intrinsic stability of such walls over the required epochs.
The realistic mechanism for disintegration of the DW network resides in the magnino gas becoming non-degenerate.
V. A MINIMAL MODEL FOR DARK ENERGY
We consider a hitherto unobserved sector with particle species we generically call M and Y . They are assumed to be charged under a local abelian group U (1) X with fine structure constant α X . Their charges Q X in the simplest case are equal and opposite,
The two are also assumed to be distinguished by an additional charge G which is global, or could be a parity, such that mutual annihilation is forbidden, in a way analogous to the role of the charge B − L in the observed sector. The species M is assumed to have very small mass m M in the sub-eV range and is referred to as magnino because as we shall explain, the magnetised collective state is its hallmark property. The Y mass m Y is assumed to be much larger. With charges as assigned here, neutrality requires that the number densities of the two species have to be equal, in turn this means that the Fermi energies are also the same. The hypothesis of larger mass is to ensures that Y does not enter into a collective magnetic phase.
Furthermore, assuming a parallel Big Bang history, there are the U (1) X photons at a temperature T in this sector. We need to place desirable requirements on the values of this temperature at the current time and over the time period for which DE is important. The requirements are as follows. Recall that β ≡ p F /m M .
T1:
The need for the M -Y system to remain a plasma, so that T is larger than the Hydrogen like binding energy of the system.
T2: The gas of the magnino particles M is quasi-relativistic, i.e. β ≈ 1, and degenerate so
T3: The gas of the Y particles is non-relativistic and non-degenerate. Thus we assume
Requirement T3 is natural if the ratio of the masses m M /m Y remains small. In a detailed analysis these requirements would help narrow down the actual parameters of this sector.
In using the quantities we considered in Sec. III, we will need to identify (25) , since now we are considering the response to gravity. As discussed at the end of Sec. III B the rest mass term dominates for small β. While the kinetic energy and exchange energy contributions determine the favourable collective state, the contribution to cosmologically relevant energy density is made by the rest mass term.
We start our considerations at time t 1 when the temperature is just below T G so that the wall complex has materialised. In the following we are going to ignore temperature effects, which is a valid assumption when the conditions T1-T3 above are satisfied, however if needed at other epochs where these conditions change, it is easy to extrapolate within the Big Bang paradigm from conditions already established. The parameters of this wall complex are ω, the thickness of individual walls and L the average separation between walls, as introduced in Sec. IV. Under these circumstances, our first observation is that the wall complex is stabilised by the magnetic forces, and being much smaller than the scale of the horizon, is unaffected by the cosmic expansion. Then on the scale of the horizon, the wall complex behaves just like a space filling homogeneous substance and the situation is that pictured in Fig. 2 . Further, due to the demand of neutrality, the heavier gas Y cannot expand either, although it has no condensation effects. Let us denote the number density of the magninos trapped in the walls to be n X walls and the remainder residing in the enclosed domains by n X bulk . Averaged (coarse grained) over a volume much larger than the L 3 , this
gives the average number density of the magninos to be
And from the neutrality condition we have
Then we can demand that PAAI in this phase acts as the DE, so that assuming Y to be non-relativistic, and ignoring other contributions,
Expressing the number density of Y as a ratio of the number density n γ = 3.12 × 10 −12 (eV)
Then the Fermi momentum of both M and Y is
and for the magnino we obtain
We can now make a wish list of propositions characterising the first of our two scenarios, with prefix SI. (Later we introduce another scenario SII).
SI-1:
The magnino species M of mass m M is a degenerate gas and undergoes ferromagnetic condensation. Its density does not scale with the expanding universe.
SI-2:
The species Y has mass m Y m M and does not undergo condensation.
SI-3:
The Y gas remains tied to the magnino condensate for neutrality and its density also does not scale. Thus M and Y together, but dominated by the Y mass, simulate the DE.
The fine structure constant of this hidden sector has a value ensuring validity of perturbation theory, α X 0.2. In order to obtain ferromagnetic condensation as in SI-1, we must have β 0.5 as per phase diagram Fig. 6 . For degeneracy we expect β to be O(1). We will assume that β is largest allowed by the phase diagram for a given
Then to ensure SI-3, using (46), we have
where β will not change appreciably over the range of interest of α X . These conditions together determine the ratio
and the last inequality is meant to impose the requirement SI-2. If we implement SI-2 by demanding that β 
VI. A FLAVOURED MODEL WITH A SOLUTION TO THE CONCORDANCE PUZZLE
It is now interesting to explore whether this hidden sector admitting X-ferromagnetic condensation mechanism also has a candidate for the DM. In scenario SI, although two mass scales exist, one of them only ensures degeneracy and condensation, while the other mass scale gets tied to the DE scale. Also, most crucially, these species do not dilute with the expansion of the universe in order to mimic constancy of vacuum energy. In order to explain DM we need additional species whose abundance can scale and dilute like non-relativistic matter.
Let there exist several stable species M a and Y a with a the "flavour" index. Let their abundances be denoted, with a simplification in notation as η 
GF2:
The heavier species of M -types and Y -types should be stable against decay into the corresponding lighter ones even if their Q X charges tally. This is analogous to flavour symmetry in the observed sector, where the purely electromagnetic conversion of heavier leptonic flavours into lighter ones is not observed.
GF3:
The lightest pair M 1 and Y 1 (more generally at least one effective degree of freedom of species of each type) have equal and opposite charges, and satisfy the requirement of scenario SI so that DE is accounted for.
GF4:
The heavier species (more generally the remainder degrees of freedom) do not undergo condensation.
Within these general criteria the simplest scenario that can be thought of may be called Thus we demand, with n M 2 = n Y 2 designating the number densities, that
so that
In order for either of X 2 or Y 2 , or both together to act as DM, the right hand side of the above equation has to be at least a few keV (see Sec. II B). Thus we need
to ensure DM mass keV (51) From Sec. V, we have that η Y can take on any value 10 3 and account for DE adequately.
The DM constraint on the second flavour restricts its abundance to 10 −3 . In this scenario η Y and η Y 2 need not be related, and a few orders of magnitude difference in abundance could be easily explained by dynamics occurring within that sector in an expanding universe.
Further we shall see later that the large value of η Y makes the scenario capable of explaining the origins of cosmic magnetic fields, while the small η Y 2 value can separately solve the DM puzzle.
The scenario F I requires that at least one of M 2 and Y 2 is heavy enough to be the DM particle. But it leaves the mass of the other particle undetermined. A scenario that is more restrictive about the mass of η M 2 could arise as follows, and we denote this scenario FII.
FII-1:
There are two species M 1 and M 2 , of the same charge
where σ is a numerical factor FII-3: Only M 1 is the magnino, capable of condensing.
FII-4:
There is only one species of Y type, with Q X (Y ) = −Q X (M 1 ).
For neutrality of the medium we need η 
The point is that m Y is already determined by the value of η M 1 from DE Condition, and if
1 then mass of Y would be determiend to be too small to be DM candidate. In this case, without proliferating unknown mass values, m M 2 can be the DM candidate.
This Dark Matter sector is along the lines of [6] , and through out its history could have been partially ionised and could be progressively becoming neutral. In particular it represents the class of self interacting Dark Matter including van der Waals forces that may result between such atoms due to very low binding energy. It has been argued for example in [68] that such a model potentially explains the diversity in the rotation curves of galaxies.
VII. ORIGIN OF COSMIC MAGNETIC FIELDS
The origin and evolution of galactic scale magnetic fields is an open question [10, 69] . In particular the extent of seed magnetic field as against that generated by subsequent motion is probably experimentally distinguishable [11] [12] . In the present case, we can estimate the field strength of the X-magnetism in each domain. Using the leading term from (20) and using the value µ 0 µ B = 1. 
Assuming U (1) X field mixes kinetically with standard electromagnetism through term of the form ξF µν F X µν , the ξ is well constrained from Supernova 1987A data to [70] 10 −7 < ξ < 10 −9 . On the other hand from the CMB data the relative energy density contribution ρ mcp /ρ cr to the cosmic budget is shown to be constrained to [71] ≡ Ω mcp h 2 < 0.001.
More recently [72] reports exclusion of all mass values < 200MeV based on the supernova 1987A data. We proceed here to make an estimate based on our model, compatible with all constraints except that of the last mentioned paper, pending further verification of that constraint. The exact value of the seed required depends on the epoch at which they are being studied and other model dependent factors [73] . We consider the the possibility of a seed of 10 −30 T with a coherence length of 0.1 kpc∼ 3 × 10 18 metre obtained with ξ = 10 −8 . Dark Energy problem is sufficiently important that it is worth exploring all avenues to its explanation. We have proposed a specific mechanism from known many body physics that may be of relevance to understanding this enigmatic phenomenon. The two known mass scales of elementary particle physics, Λ QCD and the Standard Model Higgs vacuum expectation value do arise as effectively non-perturbative effects, but are clearly not at work since they are so much larger than the required energy scale. On the other hand particle species of very light mass are now established to exist. That makes it natural to inquire whether an alternative collective phenomenon involving suitably light particle species and new gauge forces which are not a part of standard particle physics, is at work. By assuming the existence of an autonomously lighter mass scale set by DE to be arising from masses of the new particles, we avoid having to explain it, at least at this stage of development. On the other hand, the peculiar equation of state can be deduced as an outcome of nothing more radical than an unbroken abelian gauge force. Extended and space filling objects, specifically Ferromagnetic state is a strongly correlated one, but can be understood within the fermi liquid framework and affords connecting the collective observables to the microscopic constants and parameters. That it can occur in the presence of periodic translationally symmetric lattice has been known for long [76] as band ferromagnetism or itinerant electron phenomenon. However extending it to the completely homogeneous situation, in fully relativistic setting has not been previously carried out. We have adopted the formalism of [64] to deduce the existence of such a state at varying mass values m M for the hypothetical magnino and the gauge coupling e of the new U (1) X . While the magnino undergoes condensation, the effective Dark Energy density is determined by the mass of the heavier, non-ferromagnetic parter Y needed to keep the medium neutral. An appealing by product of this phenomenon is the possibility of explaining the origin of the cosmic magnetic fields, as discussed in Sec. VII.
The possibility of a hidden broken and unbroken U (1) X has been extensively explored, specifically that its connection with the standard electromagnetism may be manifested in the existence of minicharged particles. Recent experiments at DAMIC [77] have placed limits on dark photons, and the DM program of MiniBooNE [78] has, together with previous experiments, reported null results in a variety of rather appealing models of Dark Matter ( a comprehensive discussion is in [79] ) that use hidden electromagnetism and explain all the features of Dark Matter including their origin as thermal relics [80] . A multi component Dark sector has also been a recurrent theme of many works. Our model allows introduction of such additional species, with comparable masses and abundances as needed to explain the cosmic energy balance, however we have not attempted to relate it so far to other observables or as solution to unexplained observations. We leave this to future work, indeed since the specific models explored and constrained by [78] do not rule out other possibilities. Although our core ingredients are fermions, in the DM models of Sec. VI, the heavier second flavours are permitted to form neutral atoms and be bosonic DM as well.
A specific prediction of this model is the evolutionary nature of the w parameter [81] [82] [83] [84] , as also the eventual extinction, of the Dark Energy. The onset of ferromagnetic state would produce w = −1 for that medium, however depending upon the epoch at which this happens DE component may not be dominant. However over the later epochs where it is making its presence felt it may already be in disintegration due to percolation of the magnetic fluxes as also due to the possible end to the degenerate phase of the magnino gas. We would thus expect a beginning with w = −1, progressing to w = −2/3 as appropriate for domain walls when they are not densely packed within the horizon, and subsequent rapid decay towards w = 0. The ongoing studies in this direction will provide a validation or disproof of the model.
In an attempt to highlight the potential utility of the PAAI to cosmology, specifically to DE and to cosmic ferromagnetism, we have been agnostic about the earlier history of this sector. Specifically it will be important to determine the fate of this medium at a non-zero temperature, understand the nature of its phase transition, and gain a handle on the length scale L in the spirit of Kibble-Zurek mechanism [85, 86] . Some hints as to the temperature of this medium may be gained if it has manifested itself in the excess cooling in CMB observed in the cosmic dawn [15] [16] [18] . These issues need further investigation towards verifying the extent of utility of the mechanism we have presented here.
